Endothelial dysfunction in the pulmonary artery induced by concentrated fine particulate matter exposure is associated with local but not systemic inflammation  by Davel, Ana Paula et al.
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Clinical  evidence  has  identiﬁed  the  pulmonary  circulation  as  an important  target  of air  pollution.  It
was previously  demonstrated  that  in vitro exposure  to  ﬁne  particulate  matter  (aerodynamic  diam-
eter  ≤2.5  m,  PM2.5) induces  endothelial  dysfunction  in  isolated  pulmonary  arteries.  We aimed  to
investigate  the  effects  of  in  vivo  exposure  to urban  concentrated  PM2.5 on  rat pulmonary  artery
reactivity  and  the  mechanisms  involved.  For  this,  adult  Wistar  rats  were  exposed  to  2 weeks  of
concentrated  São  Paulo  city  air PM2.5 at an  accumulated  daily  dose  of  approximately  600  g/m3.
Pulmonary  arteries  isolated  from  PM2.5-exposed  animals  exhibited  impaired  endothelium-dependent
relaxation  to acetylcholine  without  signiﬁcant  changes  in  nitric  oxide  donor  response  compared  to
control  rats.  PM2.5 caused  vascular  oxidative  stress  and  enhanced  protein  expression  of  Cu/Zn-  and
Mn-superoxide  dismutase  in  the  pulmonary  artery.  Protein  expression  of endothelial  nitric  oxide
synthase  (eNOS)  was  reduced,  while  tumor  necrosis  factor (TNF)-  was  enhanced  by PM2.5 inhala-
tion  in  pulmonary  artery.  There  was  a  signiﬁcant  positive  correlation  between  eNOS  expression  and
maximal  relaxation  response  (Emax) to  acetylcholine.  A negative  correlation  was  found  between  vas-
cular  TNF-  expression  and  Emax to  acetylcholine.  Plasma  cytokine  levels,  blood cells  count  and
coagulation  parameters  were  similar  between  control  and  PM2.5-exposed  rats.  The  present  ﬁndings
showed  that  in vivo daily  exposure  to  concentrated  urban  PM2.5 could  decrease  endothelium-dependent
relaxation  and  eNOS  expression  on pulmonary  arteries  associated  with  local  high  TNF-  level but
not  systemic  pro-inﬂammatory  factors.  Taken  together,  the  present  results  elucidate  the mecha-
nisms  underlying  the  trigger  of cardiopulmonary  diseases  induced  by urban  ambient  levels  of  PM2.5.. Introduction
Several epidemiological studies have linked exposure to short-
nd long-term particle matter (PM) to increased mortality due to
ulmonary and cardiovascular disease (Brook et al., 2010). In a
ecent meta-analysis study, air pollution and trafﬁc exposure were
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identiﬁed as triggers of heart attack, reinforcing the role of ambient
levels of air pollution as an important risk factor of cardiovascular
events (Nawrot et al., 2011).
Sao Paulo is the largest city in Brazil with 6 million vehicles
and an important industrial park that are sources of air pollution
(Andrade et al., 2012; Miranda et al., 2012). In this context, vehicu-
lar emissions are the most relevant source of ﬁne PM (aerodynamic
diameter ≤2.5 m,  PM2.5) in urban areas of Brazil (Andrade et al.,
2012; Miranda et al., 2012). Exposure to PM2.5 has been strongly
Open access under the Elsevier OA license.associated with perturbation in endothelial function in humans
(Mills et al., 2005; Törnqvist et al., 2007) as well as in animal models
(Nurkiewicz et al., 2004; Proctor et al., 2006; Ying et al., 2009) and
it is well known that endothelial dysfunction plays a central role
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Table 1
Experimental parameters evaluated daily during the 2 weeks of exposure design.
Day of exposure Ambient PM2.5
concentration (g/m3)
Time of
exposure
Concentrated PM2.5
(g/(m3 h))
Predicted 24 h concentrated
PM2.5 (g/m3)
1 150 4.2 630 26.3
2 120  5 600 25.0
3  150 3 450 18.8
4  249 2.2 546 22.8
5  114 5 581 24.2
6  201 3.2 643 26.8
7 126 5 630 26.3
8 106 5  530 22.1
9 241  2.7 650 27.1
10  418 1.4 585 24.4
11  227 3 681 28.4
12  292 2.1 612 25.5
13 250 2.2 550 22.9
14  204 3 614 25.6
Mean ± SD 203 ± 86 3.3 ± 1.3 593 ± 59 24.7 ± 2.4
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Hn the pathogenesis of several cardiovascular diseases (Vanhoutte
t al., 2009). Inhalation of PM also causes inﬂammation in
ulmonary parenchyma, promoting the liberation of inﬂammatory
ytokines from the pulmonary tissue to the systemic circulation,
eading to increases in markers of systemic inﬂammation such as
 reactive protein (Peters et al., 2001), pro-inﬂammatory cytokines
Calderón-Garciduen˜as et al., 2008) and activation of coagulation
ascades (Budinger et al., 2011). All of the aforementioned events
re associated with endothelial dysfunction and amplify vascular
amage.
The mechanisms responsible for PM-induced endothelial dys-
unction have been mostly studied in isolated vessels or endothelial
ultured cells directly exposed to PM.  Using this approach, it was
emonstrated that incubation of isolated arterial segments with
ne PM induces a decrease in endothelium-dependent relaxation in
ystemic (Ikeda et al., 1995) and pulmonary arteries (Courtois et al.,
008) associated with impaired NO-induced vasodilation. Although
he aforementioned studies provided a signiﬁcant contribution
o the understanding of PM-induced endothelial dysfunction, in
itro approaches might not precisely represent what occurs in
he in vivo situation. Most of studies assessing endothelial dys-
unction induced by in vivo exposure to PM,  either in humans or
nimal models, focused primarily on systemic arteries (Kampfrath
t al., 2011; Nurkiewicz et al., 2004, 2006; Tamagawa et al., 2008).
he relative smaller number of studies evaluating exposure to
M and changes in the function of pulmonary vasculature com-
ared to studies focusing on systemic arteries probably reﬂects that
he latter are more accessible, especially in human studies. How-
ver, recent evidence has revealed that pulmonary circulation is an
mportant target of air pollution. Experimental animals acutely and
hronically exposed to ambient air pollution from the city of São
aulo showed signiﬁcant inward remodeling of pulmonary arte-
ioles (Lemos et al., 2006; Matsumoto et al., 2010; Rivero et al.,
005). In addition, previous studies have demonstrated that ele-
ated concentrations of ambient PM2.5 are signiﬁcantly associated
ith increased mean pulmonary arterial pressure and markers of
ndothelial dysfunction in children (Calderón-Garciduen˜as et al.,
007, 2008).
Thus, the present study was designed to investigate the effects
f in vivo exposure to an accumulated daily dose of approximately
00 g/m3 of concentrated ambient particles on the vascular func-
ion of rat pulmonary arteries, focusing on the local mechanisms
nvolved. It is noteworthy that this daily accumulated dose seems to
redict the 24-h PM2.5 25 g/m3 level criteria suggested by World
ealth Organization (2006) air quality guidelines.2. Materials and methods
2.1. Exposure protocol
Male Wistar rats (3-month-old) were exposed to concentrated São Paulo city
ambient PM2.5 using a Harvard Ambient Particle Concentrator (HAPC). In this system,
a  jet of particle-laden air is injected and a series of impactors is used to classify
particles according to their aerodynamic size. The PM2.5 was accelerated through a
nozzle and concentrated by inertial forces, while aspirating peripheral airﬂow, as
previously described (Batalha et al., 2002; Sioutas et al., 1995). The rats were exposed
daily to ambient concentrated PM2.5 for 2 weeks as previous data from our group
showed that this early time of exposure to São Paulo city airborne particles cause
pulmonary adverse effects in rodents (Matsumoto et al., 2010). Each day, the initial
ambient PM2.5 concentration was measured and the time of exposure was  calculated
to  achieve approximately 600 g/m3 of concentrated PM2.5 at a range of 1–5 h in
temperature- and humidity-controlled chambers. Afterwards, the rats were housed
in  cages outﬁtted with individual ventilation and received ﬁltered air in a constant
room temperature environment, with 12:12 h light–dark cycle, with free access to
standard rat chow and tap water. Control animals were exposed to an identical daily
exposure procedure except that a high efﬁciency particulate air (HEPA) ﬁlter was
used to remove PM2.5 in the ﬁltered chambers. Animals were maintained and used
in  compliance with the National Institutes of Health guidelines and all protocols
were approved by the Clinical Hospital, Medical School of the University of São
Paulo (CAPPesq-HC-FMUSP). Table 1 outlines the ambient, the concentrated, and
the  predicted 24-h PM2.5 concentration during the 2 weeks of exposure.
HAPC was  located within the main campus of the University of São Paulo and
exposure protocols were conducted on May 2009. XRF analysis of sampled concen-
trated PM2.5 ﬁlters identiﬁed 3 main factors that were responsible for 86% of PM2.5
mass composition (Martins, 2010): (A) the ﬁrst factor was  mainly black carbon, Fe,
Ti,  Si, Ca and Zn trafﬁc-related elements that may  be associated to vehicular source,
road dust and crustal emission (Miranda et al., 2012; Figueiredo et al., 2007; Monaci
et al., 2000); (B) the second factor was composed of Cr and Ni, which are mainly
derived from an industrial source in the surrounding area and also from vehicle
emissions (Miranda et al., 2012; Carreras et al., 2009; Figueiredo et al., 2007); and (C)
the  third factor was  composed of V and S, produced by the burning of diesel and oil
and  combustion process (Martins, 2010; Wang et al., 1999). Twenty-four hours after
the last exposure, the animals were weighed and anesthetized (80 mg/kg ketamine
and  15 mg/kg xylazine, i.p.) for the following analysis.
2.2. Blood cells count and coagulation parameters
Blood samples were collected through abdominal aorta puncture with 0.1% of
EDTA to determine complete blood cells count (CBC). For the coagulation param-
eters analysis, blood samples were collected with heparin for evaluation of the
number of platelets, platelet volume and prolonged activated partial tromboplas-
tin  time (aPTT), tromboplastin time (TT), prothrombin time (PT) and ﬁbrinogen
concentration.2.3.  Plasma proinﬂammatory cytokines
Plasma proinﬂammatory cytokines interleukin (IL)-1, IL-6 and TNF- were
quantiﬁed by ELISA assay using BD Biosciences kits for TNF- (Cat#: 558870) and
IL-6 (Cat#: 550319) analysis and RD Systems kit for IL-1 (Cat#: DY501).
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Big. 1. In vivo exposure to urban PM2.5 reduces endothelium-dependent relaxation 
A)  and to sodium nitroprusside (B) in segments of pulmonary arteries from rats ex
esponses are expressed as percentage of precontraction induced by phenylephrine
.4.  Vascular reactivity
The lungs and the heart were removed en-bloc and the extralobar left and right
ulmonary arteries were dissected and cut into segments (3 mm in length). Pul-
onary arterial rings with intact endothelium were mounted in an isolated tissue
hamber containing Krebs-Henseleit solution (in mM:  118 NaCl, 4.7 KCl, 25 NaHCO3,
.5 CaCl2·2H2O, 1.2 KH2PO4, 1.2 MgSO4·7H2O, 11 glucose, and 0.01 EDTA), gassed
ith 95% O2 and 5% CO2, at 37 ◦C and pH 7.4. The preparations were equilibrated
nder a resting tension of 0.5 g for up to 45 min. Isometric tension was  recorded using
n  isometric force transducer (Letica TRI 210, Spain) connected to an acquisition
ystem (MP100, BiopacSystems, USA).
After the equilibration period, rings were exposed to 75 mM KCl to assess the
aximal tension developed. Following the wash, concentration-response curves to
he 1-adrenergic receptor agonist phenylephrine (10−10–10−5 M,  Sigma–Aldrich,
ermany) were obtained. Both the maximal contractile responses to 75 mM KCl and
o  phenylephrine were not modiﬁed by PM2.5 in the pulmonary artery.
In  addition, the endothelium-dependent relaxation induced by acetylcholine
10−9–10−5 M,  Sigma–Aldrich) or the relaxation induced by the NO donor sodium
itroprusside (10−10–10−6 M,  Sigma–Aldrich) were evaluated in rings contracted
ith phenylephrine (0.1 M).
.5. Vascular oxidative stress
The oxidative ﬂuorescent dye hydroethidine, which produces a red ﬂuorescence
ignal when oxidized to ethidium bromide, was  used to evaluate the in situ produc-
ion of reactive oxygen species (ROS) in the vascular tissue, as previously described
Camporez et al., 2011). Brieﬂy, transverse sections (10 m)  of extralobar pulmonary
rteries obtained in a cryostat were incubated at 37 ◦C for 30 min in Krebs-HEPES
uffer (in mM:  130 NaCl, 5.6 KCl, 2 CaCl2, 0.24 MgCl2, 8.3 HEPES, and 11 glucose,
H 7.4). Then, fresh buffer containing hydroethidine (2 M)  was topically applied
o  each tissue section and the slides were incubated in a light-protected humidiﬁed
hamber at 37 ◦C for 30 min.
Negative control sections received the same volume of phosphate buffer with-
ut  hydroethidine. In some experiments, parallel sections were incubated with
olyethylene glycol-superoxide dismutase (PEG-SOD, 500 U/mL, Sigma–Aldrich), a
embrane-permeable speciﬁc scavenger of superoxide anions, to verify the DHE
uorescence dependent on superoxide anion formation (Jiménez-Altayó et al.,
006).  Images were obtained with an optical microscope (Axioskop, Zeiss, Germany)
quipped with a ﬁlter to rhodamine and a camera (ZVS-3C75DE, Zeiss) using an
bjective for ﬂuorescence (20×). For ﬂuorescence quantiﬁcation, four areas per ring
ere sampled for each experimental condition. The integrated optical densities were
alculated using Image J software (NIH, USA).
.6. Western blot analysis
Protein extracts (75 g) of extralobar pulmonary arteries were electrophoret-
cally separated by SDS-PAGE and then transferred to polyvinylidene diﬂuoride
embranes (Amersham, USA) overnight at 4 ◦C using a Mini Trans-Blot Cell sys-
em  (Bio-Rad, USA) containing 25 mmol/L Tris, 190 mmol/L glycine, 20% methanol,
nd 0.05% SDS, as previously described (Davel et al., 2008).After blocking nonspeciﬁc sites using 5% nonfat dry milk, membranes were incu-
ated overnight at 4 ◦C with the following primary antibodies: anti-eNOS (1:1000,
D  Transduction laboratories), anti-CuZn-SOD (1:1000, Sigma–Aldrich), anti-Mn-
OD  (1:1000, StressGen), anti-EC-SOD (1:500, StressGen), anti-IL-1 (1:1000,
ioLegend), anti-IL-6 (1:1000, Abcam, USA) and anti-TNF- (1:800, BioLegend).ylcholine in rat pulmonary artery. Concentration–response curves to acetylcholine
 to ﬁltered (Control, n = 9) or concentrated PM2.5 air (n = 12) for 2 weeks. Relaxation
M).  The values are mean ± SEM. Two-way ANOVA: *p < 0.05 vs.  Control.
After being washed (10 mM Tris, 100 mM NaCl, and 0.1% Tween 20), membranes
were incubated with a peroxidase-conjugated IgG antibody (Bio-Rad) accord-
ing to each primary antibody used. Immunocomplexes were detected using an
enhanced horseradish peroxidase-luminol chemiluminescence system (ECLPlus,
Amersham) and subjected to autoradiography (Hyperﬁlm ECL, Amersham). Signals
on  the immunoblot were quantiﬁed with Scion Image software. In the same mem-
brane, -actin protein expression was  determined (1:10,000 anti--actin antibody,
Sigma–Aldrich) and its content was used as an internal control for the experiments.
2.7. Statistical analysis
Data are presented as mean ± SEM, unless otherwise speciﬁed.
Concentration–response curves were analyzed by two-way ANOVA followed
by  the Bonferroni post hoc test. For comparisons between two means, the unpaired
Student’s t-test was  used and one-way ANOVA was  used to compare three or more
means. Values of p < 0.05 were considered signiﬁcantly different. The statistical
analysis was  performed using the GraphPad Prism version 4.0 (GraphPad Software
Corp., USA).
3. Results
3.1. Pulmonary arteries from PM2.5-exposed rats show
endothelial dysfunction
The endothelium-dependent relaxation evoked by acetyl-
choline was  signiﬁcantly impaired in pulmonary arterial rings from
PM2.5-exposed rats compared to control rats (Fig. 1A). However, the
relaxation response induced by the NO donor sodium nitroprusside
was not changed (Fig. 1B).
3.2. PM2.5 induces oxidative stress despite high SOD expression
Pulmonary arteries from PM2.5-exposed animals showed an
enhanced hydroethidine-ﬂuorescence signal compared to the con-
trol group (Fig. 2A and B). PEG-SOD incubation reduced this
ﬂuorescence in arteries from PM2.5-exposed animals to control lev-
els (Fig. 2A and B). Protein expression of Cu/Zn- and Mn-SOD in the
pulmonary arteries was  enhanced by PM2.5 compared to the con-
trol group (Fig. 2C and D), while EC-SOD protein expression did not
change in this artery (Fig. 2E).
3.3. eNOS and TNF-  ˛ protein levels correlate with
acetylcholine-induced relaxationIL-1 (Fig. 3A) and IL-6 (Fig. 3B) protein expression were not
modiﬁed by PM2.5 exposure in the pulmonary artery, while TNF-
 protein expression was  signiﬁcantly enhanced as compared to
ﬁltered air-exposed rats (Fig. 3C). In addition, PM2.5 signiﬁcantly
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Fig. 2. Oxidative stress and enhanced expression of antioxidant enzymes Mn-SOD and Cu/Zn-SOD in pulmonary arteries from rats exposed to PM2.5 from São Paulo city.
Exposure to PM2.5 from São Paulo city Representative ﬂuorographs (A) and densitometric analysis (B) of the ethidium-bromide-positive nuclei in pulmonary arteries slices
from  rats exposed to ﬁltered (Control) or concentrated PM2.5 air for 2 weeks. Vessels were labeled with the oxidative dye hydroethidine in the presence or absence of
PEG-SOD (150 U/mL). One-way ANOVA: *p < 0.05 vs.  Control; +p < 0.05 vs. without PEG-SOD. A.U.: arbitrary units. Effect of exposure to PM2.5 for 2 weeks on protein expression
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The present data suggest that 2 weeks of exposure to concen-
trated PM2.5 from São Paulo city induced endothelial dysfunction
of pulmonary arteries associated with oxidative stress, increased
Table 2
Hematological variables and white blood cells count evaluated in blood samples
from rats exposed for 2 weeks to ﬁltered air (control) or PM2.5.
Control (n = 25) PM2.5 (n = 32)
Erythrocytes (cells/mm3) 7.92 ± 0.57 7.98 ± 0.75
Hemoglobin (g/dL) 14.68 ± 1.05 14.70 ± 1.29
Hematrocrit (%) 45.7 ± 3.6 45.5 ± 3.7
MCV  (fL) 58.0 ± 3.9 57.1 ± 2.7
MCH  (pg) 18.6 ± 0.9 18.4 ± 0.7
Leucocytes (cells/mm3) 8.925 ± 3.42 8.710 ± 3.20
Mature neutrophils (cells/mm3) 1.688 ± 1.22 1.539 ± 0.84
Band neutrophils (cells/mm3) 0.926 ± 0.038 0.121 ± 0.163
Segmented neutrophils (cells/mm3) 1.596 ± 1.22 1.445 ± 0.81
Eosinophil (cells/mm3) 0.0259 ± 0.065 0.0212 ± 0.059
Basophil (cells/mm3) ND NDf  Cu/Zn-SOD (C), Mn-SOD (D) and EC-SOD (E) in pulmonary artery was analyzed. P
ample.  Protein expression mean signal from control group was considered as 100
p  < 0.05 vs. Control.
educed eNOS protein expression in pulmonary arteries com-
ared to the control group (Fig. 3D). There was a signiﬁcant
ositive correlation between eNOS protein expression and the
aximal relaxation evoked by acetylcholine in pulmonary arter-
es (Fig. 4A), while TNF- protein expression negatively correlates
ith acetylcholine-induced maximal relaxation (Fig. 4B). These
ata suggest that endothelial dysfunction present in the pulmonary
rteries of PM2.5-exposed rats is strongly associated with reduced
O synthesis and vascular inﬂammation.
.4. Blood cells count, coagulation parameters and circulating
roinﬂammatory cytokines
Hematological variables including erythrocyte count and vol-
me, hemoglobin and hematocrit measurements, as well as white
lood cells count analyzed from control and 15-day exposed PM2.5
ats show similar values (Table 2).
Platelets and coagulations parameters including ﬁbrinogen,
ime to activation of tromboplastin (TT) and prothrombin (PT) as
ell prolonged activated partial tromboplastin time (aPTT) were
valuated in blood samples from control (n = 25) and exposed
M2.5 rats (n = 32). The platelets count (in 1000 cells/mm3: Con-
rol = 688 ± 212 vs. PM2.5 exposed rats = 718 ± 178), platelet volume
in fL: Control = 8 ± 0.53 vs. PM2.5 exposed rats = 8 ± 0.48), ﬁbrino-
en (in mg/dL: Control = 161 ± 39 vs. PM2.5 exposed rats = 158 ± 55),
T (in seg: Control = 48 ± 9 vs. PM2.5 exposed rats = 55 ± 27), PT (in
eg: Control = 102 ± 31 vs. PM2.5 exposed rats = 96 ± 26) and aPTT
in seg: Control = 36.6 ± 42 vs. PM2.5 exposed rats = 33.2 ± 27) were
ot signiﬁcantly modiﬁed by 2 weeks of PM2.5 exposure (p > 0.05,
ontrol vs.  PM2.5 exposed rats; Student’s t-test). expression of SOD isoforms was  normalized by (-actin protein expression in each
s are means ± SEM. Number of animals are indicated in the bars. Student’s t-test:
The plasma levels of IL-1 (Control, n = 8: 359 ± 51 vs. PM2.5
exposed rats, n = 9: 375 ± 55 pg/mL), TNF- (Control, n = 6: 126 ± 6
vs. PM2.5 exposed rats, n = 6: 127 ± 6 pg/mL) and IL-6 (Control,
n = 10: 881 ± 29 vs. PM2.5 exposed rats, n = 9: 874 ± 40 pg/mL) were
similar between control and PM2.5-exposed rats.
4. DiscussionLymphocyte (cells/mm3) 6.522 ± 2.981 6.824 ± 2.718
Monocytes (cells/mm3) 0.392 ± 0.296 0.339 ± 0.173
MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin. Number of
animals (n) analyzed is indicated in parenthesis. Student’s t-test.
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Fig. 3. Effect of PM2.5 exposure on inﬂammatory cytokines and eNOS expression in pulmonary circulation. Protein expression of IL-1 (A), IL-6 (B), TNF-( (C) and eNOS (D)
i air fo
b . Mea
a
T
e
o
e
t
c
P
F
o
en  pulmonary artery from rats exposed to ﬁltered (Control) or concentrated PM2.5
y  (-actin content. Top panels show representative Western blot autoradiographies
nimals is indicated in the bars. Student’s t-test: *p < 0.05 vs. Control.
NF- and reduced eNOS protein expression in this vessel. How-
ver, no changes in systemic pro-inﬂammatory parameters were
bserved. Therefore, the data provide evidence that early in vivo
xposure to urban ambient concentrated PM2.5 induces detrimen-
al alterations in pulmonary circulation despite there being no
hanges in systemic parameters in healthy animals.
It has been shown that acute and long-term exposure to
M2.5 induces endothelial dysfunction in systemic arteries from
ig. 4. Correlations between eNOS, TNF, and vasodilatatory response evoked by acetylch
r  TNF- protein expression (normalized by -actin content) with the maximal relaxati
xposed to ﬁltered (Control) or concentrated PM2.5 air for 2 weeks. *p < 0.001, slope signiﬁr 2 weeks were evaluated. The expression of cytokines and eNOS was normalized
n value of control group was considered as 100%. Bars are mean ± SEM. Number of
experimental animals (Ikeda et al., 1995; Kampfrath et al., 2011;
Nurkiewicz et al., 2004; Ying et al., 2009). Moreover, clinical
data have also demonstrated that acute exposure to trafﬁc-
related air pollution induces endothelial dysfunction, as indicated
by impaired relaxation to blood ﬂow or to acetylcholine in
the human brachial artery (Dales et al., 2007; Törnqvist et al.,
2007). In pulmonary circulation, previous studies demonstrated
that an elevated concentration of ambient PM2.5 is associated
oline in pulmonary arteries. Signiﬁcant linear regression obtained by plotting eNOS
on effect (Emax) induced by acetylcholine (10 M)  in pulmonary arteries from rats
cantly non-zero.
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ith increased markers of endothelial dysfunction in children
Calderón-Garciduen˜as et al., 2007, 2008). In addition, in vitro
xposure to PM reduces endothelium-dependent relaxation of
ulmonary arteries (Courtois et al., 2008). Here, in line with stud-
es performed in systemic arteries, we found that in vivo PM2.5
xposure signiﬁcantly impaired acetylcholine-induced relaxation
n extralobar pulmonary arteries, indicating the development of
ndothelial dysfunction in pulmonary circulation. The present data
emonstrated that despite impaired relaxation in response to
cetylcholine, the vasodilator response evoked by an NO donor was
ot changed by PM2.5 exposure, suggesting that smooth muscle
esponsiveness to NO was not modiﬁed by PM2.5.
It is known that NOS activity inhibition with L-NAME is able to
bolish acetylcholine-induced relaxation in rat pulmonary arteries,
uggesting that NO is the pivotal endothelial derived factor in rat
ulmonary arteries (Shahbazian et al., 2007). In addition, it was
reviously demonstrated that eNOS is the main isoform of NOS
nvolved in the synthesis of NO in health pulmonary artery (Steudel
t al., 1998). Thus, we investigated whether in vivo PM2.5 expo-
ure could modulate the protein expression of eNOS in pulmonary
rteries. It was found that 2 weeks of PM2.5 exposure signiﬁcantly
educed the eNOS protein content in pulmonary arteries. A previous
tudy from our group showed that long term exposure (45 days),
ut not an early exposure, to air pollution in São Paulo city is able to
ecrease eNOS protein expression detected by immunohistochem-
stry in pulmonary arterioles (Matsumoto et al., 2010). However,
NOS expression and vascular reactivity of extralobar circulation
ere not evaluated in that study. Here, we demonstrated that there
s a positive correlation between eNOS and maximal relaxation
voked by acetylcholine in extralobar pulmonary arteries and the
rterial rings from PM2.5-exposed animals that show lower values
f relaxation to acetylcholine and also less eNOS protein expression.
aken together, our data suggest for the ﬁrst time that the endothe-
ial dysfunction elicited by early PM2.5 exposure in healthy rats is
elated to an impairment in the vasodilator effect of eNOS-derived
O in the pulmonary circulation. The animals here were daily expo-
ure to concentrated PM2.5 at a level of 600 g/m3 that represents a
ean of 25 g/m3 over 24 h. Considering that ambient annual con-
entration of PM2.5 in São Paulo city is 28 g/m3 (Miranda et al.,
012), the rodents were expose to a PM2.5 concentration near the
eal environmental that São Paulo people are exposed.
In addition to a reduction in NO synthesis, superoxide anions
cavenge NO, reducing its bioavailability and thus contributing
o endothelial dysfunction (Förstermann, 2010; Grunfeld et al.,
995). The present results demonstrated for the ﬁrst time that
nhanced formation of superoxide anion was present in pulmonary
rteries from animals exposed to 14 days of concentrated urban
M2.5, which could contribute to even more reduced endothelial-
ependent relaxation evoked by acetylcholine. The enhanced
uperoxide anion generation in pulmonary arteries from PM2.5-
xposed rats was conﬁrmed by the effect of PEG-SOD incubation in
educing to control levels the ﬂuorescent signal of hydroethidine.
It is known that diesel emissions constitute a major source
f atmospheric particulate matter, mainly PM2.5, which has
een shown to have a deleterious effect on human health
nd on the radiative process in the atmosphere (Lohmann and
eichter, 2005; Andrade et al., 2012). In this sense, previous
tudies have demonstrated that 24 h after a unique exposure to
iesel exhaust particles, there is an impairment of endothelial-
ependent relaxation associated with oxidative stress in the
ystemic microcirculation (Nurkiewicz et al., 2006) and in coro-
ary arterioles (Cherng et al., 2011). The metropolitan area of
ão Paulo has the largest vehicle ﬂeet in Brazil, with more than
 million vehicles and PM2.5 emissions are primarily associ-
ted with the diesel ﬂeet (Andrade et al., 2012; Miranda et al.,
012). Therefore, it is plausible that elements associated toy 295 (2012) 39– 46
combustion of this fuel could be associated with endothelial
dysfunction and vascular oxidative stress induced by Sao Paulo
PM2.5. XRF analysis showed that concentrated PM2.5 from São Paulo
city (Martins, 2010) is mainly composed by black carbon Fe, Si, Ti,
Ca, and Zn (Factor 1); Cr and Ni (Factor 2); and V and S (Factor 3). This
elemental composition was similar to previous studies using HAPC
(Clarke et al., 2000) and to previous data collected from Sao Paulo
airborne (Andrade et al., 2012; Miranda et al., 2012). Previous stud-
ies have hypothesized that V and Cu could mediate the oxidative
stress in human pulmonary artery endothelial cells (Li et al., 2006)
as well the vasoconstriction of rat pulmonary artery induced by
in vitro exposure to urban ﬁne particles (Li et al., 2005). Unlike V, Cu
and urban PM,  carbon black and TiO2 did not impair acetylcholine-
induced relaxation in rat pulmonary arteries (Courtois et al., 2008).
Therefore, as Cu was not detected by XRF analysis in samples of Sao
Paulo PM2.5 (Martins, 2010) and considering that V is importantly
generated by oil combustion and diesel exhaust, it is plausible
that this component is associated with the oxidant effect of PM2.5
in the pulmonary arteries. However, it is known that transition
metals as Fe, Ni, and Cr, organic components of aerosols (e.g.,
polycyclic aromatic hydrocarbons) as well secondary pollutants
as sulfate, nitrate and ammonium have oxidant potential (Brook
et al., 2010). Therefore, they might be also responsible for adverse
vascular effects of PM2.5 as these airborne pollutants are gener-
ated by vehicular emissions in Sao Paulo city (Martins et al., 2006;
Sánchez-Ccoyllo et al., 2009). However, the exact component of
PM2.5 in its oxidant and inﬂammatory effect in vascular tissue is still
unclear.
SOD is a pivotal antioxidant enzyme in vascular tissue and
catalyzes the dismutation of superoxide anions into oxygen and
hydrogen peroxide. Three forms of the enzyme are present in
mammalian vascular tissue: Cu/Zn-SOD, located in the cytoplasm,
Mn-SOD, located in the mitochondria and the extracellular iso-
form EC-SOD, which is extracellular. In the cardiovascular system,
the action of these three isoforms could have protective mecha-
nisms by maintaining vascular NO levels (Förstermann, 2010). The
present ﬁnding shows for the ﬁrst time that there is enhanced pro-
tein expression of the Cu/Zn- and Mn-SOD isoforms as the same
time that there is enhanced production of the superoxide anion in
the pulmonary artery of rats exposed in vivo to PM2.5. It was previ-
ously demonstrated that PM2.5 exposure causes oxidative stress in
aortic tissue and in macrophages (Wan  et al., 2010). In addition, in
macrophages cell, in vitro PM exposure enhances gene expression
of Cu/Zn-SOD (Wan  et al., 2010) and the protein expression of the
antioxidant enzymes catalase and heme oxygenase-1 (Xiao et al.,
2003). Therefore, enhanced expression of SOD isoforms could be a
secondary mechanism activated in response to enhanced superox-
ide anion production induced by PM2.5 as a protective pathway.
The proinﬂammatory cytokines IL-1, IL-6 and TNF- have
emerged as biomarkers and mediators of oxidative stress and
endothelial dysfunction in several cardiovascular diseases (Ungvari
et al., 2003; Wan  et al., 2010). In the present study, we observed that
pulmonary arteries from urban PM2.5-exposed animals showed
enhanced TNF- protein expression despite there being no changes
in IL1- and IL-6. Thus, inhaled PM2.5 could directly induce
endothelial dysfunction by stimulating TNF- protein synthesis.
This hypothesis is in agreement with a prior study demonstrat-
ing that acute in vitro exposure to ﬁne manufactured PM increases
the release of TNF- in isolated rat pulmonary arteries and dexam-
ethasone (an anti-inﬂammatory drug) prevented the reduction of
acetylcholine-induced relaxation in these vessels (Courtois et al.,
2008). It is known that the pro-inﬂammatory cytokine TNF- can
impair eNOS gene and protein expression, thus reducing NO syn-
thesis (Anderson et al., 2004). In the present study we found a
signiﬁcant negative correlation between TNF- protein expres-
sion and maximal relaxation to acetylcholine in pulmonary arteries
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rom in vivo PM2.5-exposed rats, suggesting that the higher TNF-
rotein expression induced by air pollution is strongly related with
he endothelial dysfunction of pulmonary circulation.
Deposition of PM on alveolar epithelium induces inﬁltration of
nﬂammatory cells, thus increasing the release of local proinﬂam-
atory factors that can reach pulmonary and systemic circulation
nd trigger secondary inﬂammation (Seaton et al., 1995). More-
ver, elemental components of PM per se or after macrophage
hagocytosis can pass through the alveolar-capillary membrane
nd induce peripheral effects (Lehnert, 1992). Our ﬁndings for
eripheral blood provide no evidence for extrapulmonary activity
f inhaled particles within the time of exposure and at the con-
entration evaluated in the present study. PM2.5 inhalation did not
igniﬁcantly change white and red blood cells counts, coagulation
arameters or the plasma proinﬂammatory cytokines IL-1, IL-6
nd TNF-. In line with the present results, previous work has also
uggested that a 3-day exposure to concentrated PM2.5 ambient air
articles exerts no signiﬁcant effects on hematologic parameters
n dogs (Clarke et al., 2000), although some elemental compo-
ents of concentrated PM2.5 air showed associations with white
nd red blood cells counts. On the other hand, compromised rats
ould show signiﬁcant systemic changes when exposed to ambi-
nt air pollution (Cassee et al., 2005; Elder et al., 2004), e.g., 2-day
M2.5-exposure increased ﬁbrinogen concentration in the blood of
pontaneously hypertensive rats (Cassee et al., 2005). It is note-
orthy that these authors exposed the animals to higher levels of
oncentrated air particles than in the present study, which could
ccount for the most prominent systemic effect observed. More-
ver, 7 days of exposure to PM2.5 levels 10 g/m3 above the annual
tandard suggested by World Health Organization was associated
ith high levels of plasma IL-1, TNF-, endothelin-1 and adhesion
olecules in children (Calderón-Garciduen˜as et al., 2008).
In summary, the present ﬁndings show that in vivo exposure to
oncentrated urban air PM2.5 from São Paulo city for 15 consecutive
ays impairs endothelium-dependent vasodilatation of pulmonary
rteries in healthy rats and is associated with reduced eNOS protein
xpression, oxidative stress and high TNF- levels in these arter-
es. The pulmonary artery abnormalities were not accompanied by
hanges in systemic blood cells count, in plasma cytokines levels
r in coagulation cascade. Altogether, the functional and molecu-
ar changes observed in pulmonary artery provide new evidence
o elucidate the mechanisms underlying the trigger of cardiopul-
onary diseases in response to urban ambient air pollution. In the
resent study we focus on the daily exposure to concentrated PM2.5
t a level that, when normalized over 24 h, is within the limits of
M2.5 concentration predicted by World Health Organization air
uality guidelines (25 g/m3). It emphasizes that exposure to low
evels of PM2.5 predicted to do not cause harm to the cardiovascular
ystem could still have effects and thus should be studied further.
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